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BTQSYhTmFgTg op METHIONINE 
USING A REDUCED SOURCE OF SULFUR 



BACKGROUND OP THE INVFTfTTOM 

Methionine is an essential amino acid in the diet of animals and is used 
widely as a food and feed supplement. It is conventionally produced by 
various multi-step chemical syntheses which generally employ acrolein, 
ioethyi mercaptan, and cyanide as starting materials. (H.H. Szmant, "Organic 
Building Blocks of the Chemical Industry," page 182, John Wiley & Sons, New 
York, 1989.) There are two resulting product forms: D,L-nethionine and its 
hydroxy analog. Unlike all other amino acids, D-methionine is converted to 
the required Inform in vivo . As a result, chemical syntheses, which 
typically result in the D,L mixture, are feasible and cost-effective in this 
case. 

However , fermentation production methods, which are common methods for 
making many low-cost amino acids, do not exist in the case of methionine. 
(K. Aida, I. Chibata, K. Nakayama, K. Takinami, and H. Yamada, , 
"Biotechnology of Amino Acid Production, » Progress in Industrial 
Microbiology ?4, Elsevier, 1986.) This is surprising given that the 
biochemically related essential amino acids lysine and threonine are both 
produced cost-effectively by fermentation methods using inexpensive raw 
materials such as molasses, starch hydrolysates, com steep liquor, and soy 
hydrolysates. (See for example: P.L. Rogers, R.G. Call, D.F. Midgley, and 
C. Fryer, "The Prospects for ]>Lysine Production in Australia," Food 
Technology in Australia 3 8, pp. 514-518, 1986; and S. Furukawa, A. Ozaki, 
and T. Nakanishi, "Ir-Threonine Production by ^Aspartate- and ]>Homoserine- 
resistant mutant of Escherichia coli," Applied Microbiology and 
Biotechn ology 29 . pp. 550-553, 1988.) 

Various microbes have been used to produce L-lysine and L-threonine. These 
have been developed through classical methods of mutagenesis and selection 
as well as genetic engineering. (K. Aida, supra .) Greatest success has 
been realized historically with the cnryr*>y*,r+^i * and Br evi bacteria , but it 
is also clear that other microbes such as Escherichia coli are viable. 

There is a need for methods to reduce the metabolic cost and complexity of 
methionine biosynthesis, ideally making it similar to that for lysine or 
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* 

threonine, such, that an economical fermentation production of metiiionine is 
possible. 

SCMMRRY OF THE INVENTION 

There are provided feasible fermentation methods far methionine synthesis 
canprising the use of reduced sulfur caapounds instead of sulfate as the 
fe rm entation sulfur source and/or conprising re-designing and thereby 
si mp l if ying the biochemical pathway. Also provided are fermentation 
methods for homocysteine synthesis comprising the use of reduced sulfur 
compounds instead of sulfate as the fermentation sulfur source and/or 
comprising redesigning and thereby simplifying the biochemical pathway. In 
a preferred embodiment of the present invention the reduced sulfur source is 
hydrogen sulfide, methyl mercaptan or salts thereof. 

In another preferred embodiment of the present invention there are provided 
improved methods far such fe rm e n tation processes ccnprising re-designing or 
modifying and thereby simpl ifying the biochemical pathway. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure la is the common biosynthetic pathway to Lysine, Methionine and 
threonine in Escherichia coli . 

Figure lb is the Threonine biosynthetic pathway in EschCT-irtiia coli . 

Figure lc is the Lysine biosynthetic pathway in Escherichia coli . 

Figure id is the Methionine biosynthetic pathway in Tto-hpHrh-ia coli . 

Figure 2. Variations in the pathways far Methionine biosynthesis: (1) 
Transsulfurylation pathway; (2) Sulfhydrylation pathway; (3) 
Methylsulfhydrylation pathway. 

DETAILED DESCRIPTION OF THE IDWENTION 

The present invention relates to methods far the fermentation synthesis of 
methionine and homccysteine. To understand why a cost-effective 

fermentation method for methionine synthesis does not exist, whereas such * 
methods are available for lysine and threonine, it is instructive to 
consider in more detail the differences among the methionine, lysine, and 
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threonine biosynthetic pathways. All three amino acids are biochemically 
derived from the same intermediate metabolite, aspartic acid (Fig.i) . in 
fact, threonine and methionine also share additional biochemical steps and 
the common intermediate homoserine. But the syntheses diverge substantially 
when their specific pathway branches are considered (Fig. l) . These are 
compared in Table I (J.L. Ingraham, O. Maaloe, and F.C. Neidhardt, "Growth 
of the Bacterial Cell," pp. 122-135, Sinauer Assoc., Inc., Sunderland, 
Mass. , 1983.) The pathways present in K_ coli are chosen as a basis of 
comparison, recognizing however that there is diversity in these pathways 
among microbes and plants and that this comparison should in no way be 
interpreted as limiting the present invention to pathways using K coli . 
(K.M. Herrmann and R.L. Somerville, Chapters 9-13 in "Amino Acids: 
Biosynthesis and Genetic Regulation, " Add i son-Wesley Publishing CO., 1983; 
W.B. Jakoby and O.W. Griffith, Section UI.D. in Methods in Enzymoloay 
Academic Press, New York, 1987.) 

Table I 

Biochemical Building Bl orfrg w«^H ed to Synthesize 
Lysine. Threonine, and Methionine 

Amino Ac i<3 Aspartate Pyruvate ATP NADPH 1-C s 

Lvsilie 1 1 2 3 0 0 

Threonine i 02200 

Methionine 1 0 7 8 1 1 

It is evident from Table I that the biochemical energy requirements for 
methionine biosynthesis, in terms of adenosine triphosphate (ATP) and 
reduced nicotinamide adenine dinucleotide phosphate (NADPH) , are about 
three times higher than for lysine and threonine. This is due to the 
requirements of sulfate assimilation (J.L. Ingraham, supra .) A total of 
three moles of ATP and four moles of NADPH are required to biochemically 
reduce sulfate to sulfide. Two additional moles of ATP are required, one 
each to transport sulfate into the cell and to incorporate sulfide into 
cysteine, it is cysteine, finally, that serves as the sulfur donor in the 
biosynthesis of methionine (Fig. 1) . m addition, methionine biosynthesis 
uniquely requires the incorporation of a methyl group (Fig. 1, Table I) . 
This is derived as 5- methyl-tetrahydrofolate (CH3-THF) from the conversion 
of serine to glycine. Clearly considering the foregoing, the metabolic cost 
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and complexity of synthesizing methionine with sulfate as the sulfur source 
is much greater than that far lysine or threonine. 

There is natural diversity among microbes and plants in the biosynthesis of 
methionine. This is represented schematically by Figure 2 and can be 
summarized as follows (K.M. Herrmann, supra: W.B. Jakoby, supra ; F.C. 
Neidhardt, Chapter 27 in Escherichia coli and Salmonella tvphimurium . 
American Society for Microbiology, Washington, D.C., 1987; M. Dixon and E.C. 
Webb, "Enzymes/ 1 3rd edition, Academic Press, New York, 1979; S. Yamagata, 
Biochimie 71 (1989) 1125-1143) : 

1) In the methionine biosynthetic pathways of all microbes, homoserine is 
first activated either by succinyl-CoA (E. coli and £L_ typhiTniTt-iiTm) or 
acetyl-CoA (fungi, yeast, and bacteria such as Brevibacterium and 
Bacillus) . These reactions are catalyzed by hcmoserine 
succinyltransferase (EC 2.3.1.46) and hcmoserine acetyl-transferase (EC 
2.3.1. 31) , respectively. 

2) In the methionine biosynthetic pathway of plants, homoserine is 
activated by ATP in a reaction catalyzed by homoserine kinase (EC 
2.7.1.39) . The homoserine kinase reaction also occ u rs in microbes, 
but the resulting O-phosphohomoserine is an intermediate in threonine, 
but not meliiionine, biosynthesis. Thus in plants O-phosphohomoserine 
is the branchpoint between the methionine and threonine pathways, 
whereas in microbes the branchpoint is homoserine. 

3) In the microbial transsulfurylation route to methionine, 
acylhamoserine, in reactions catalyzed by O-succinylhomoserine 
(thiol) -lyase (EC 4.2.99.9) and cystathionine £ -lyase (EC 4.4.1.8), 
accepts reduced sulfur from cysteine to give homocysteine. (O- 
Succinylhomoserine (thiol) -lyase is also known as cystathionine 7- 
synthase.) 

4) In the microbial sulfhydrylation route, homocysteine is p r » : nfo oed 
directly from acylhomoserine and sulfide by O-succinylhomoserine 
(thiol) -lyase or O-acetylhomoserine (thiol) -lyase (EC 4.2.99.10) . O- 
acetylhamoserine (thiol) -lyase is also known as homocyst ei ne synthase 
and methionine synthase. 

4 
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5) In the microbial methylsulfhydrylation route, methionine is produced 
directly from acylnomoserine and methyl mercaptan by O- 
succinylhcmoserine (thiol) -lyase or O-acetylhcrooserine (thiol) -lyase. 

6) me transsulfhydrylation and sulfhydrylation routes in plants are 
catalyzed by cystathionine 7 -synthase. Hie plant enzyme cystathionine 
7 -synthase is distinct from EC 4.2.99.9 and is unique in ncim n- 
phosphohcanoserine as a substrate. 

7) Homoserine is a poor substrate of O-acetylhomoserine (thiol) -lyase, 
except in the case of the enzyme from ScMzosacxfraromvces pcrobe (S. 
Yamagata, supra) . 

Die methionine biosynthetic enzymes above belong to the group of pyridoxal 
phosphate-containing enzymes. ttiese are flexible catalysts known to carry 
out various elimination and replacement reactions. (C. Walsh, Chapter 24 in 
"Enzymatic Reaction Mechanisms, " W.H. Freeman & CD. , San Francisco (1979) . 
Another of this group, tryptophan synthase converts serine and sulfide, at a 
very high rate to cysteine (K. Ishiwata, T. Nakamura, M. Shimada, and N. 
Makiguchi, "Enzymatic Production of D-Cystaine with Tryptophan Synthase of 
Escherichia coli," J. Fermen tation and Bioenaineerina 67 : 169-172, 1989). 
This reaction is analogous with the reaction of homoserine and sulfide. 

ihe various reactions relating to sulfur incorporation and methionine 
biosynthesis have yet to be considered in the design of a viable 
fermentation method. The use of sulfide or methyl mercaptan instead of 
sulfate reduces the metabolic cost of methionine synthesis to the levels of 
lysine and threonine. In the present invention two ATP and three NADFH are 
required since the active transport of sulfate, reduction of sulfate, and 
synthesis of cysteine are all eliminated. 

Use of sulfide or methyl mercaptan also reduces the metabolic complexity of 
methionine biosynthesis since the biosynthesis of cysteine and, in the case 
of methyl mercaptan, CH3-THF are eliminated. Further simplification is 
possible and may be desirable by adapting the plant biosynthetic pathway to 
microbes by methods known to those skilled in the art. Since homoserine 
kinase is already present as an enzyme functioning in the microbial 
threonine pathway, this modification requires only introduction of plant 

5 
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cystathionine 7 -lyase activity. Uris could be accomplished by structurally 
modifying microbial O-acylhcmoserine (thiol) -lyase or by expressing plant 
cystathionine 7 -lyase in the producing microbe. Alternatively, structural 
modifications could be made in these enzymes or other candidate pyridaxal 
phosphate enzymes such as tryptophan synthase in order to effectively use 
hn m nserine directly as a substrate in sulfur incorporation. Or the O- 
acetyl hom oserine (thiol) -lyase from pambe could be used without 
modification. 

While reduced forms of sulfur would be preferred to minimize the requirement 
far biochemical energy, other mare oxidized farms of sulfur are also 
beneficial. As described above, an improvement through metabolic 
simplification results whenever sulfide, rather than cysteine, is 
incorporated directly into homoserine or an activated derivative. Onus more 
oxidized forms such as sulfate, sulfite, and thiosulfate may be provided as 
sulfur sources and biochemically reduced to sulfide. Sulfite and 
thiosulfate also diminish the need for biochemical energy relative to 
sulfate since they are more reduced forms, although the energy requirement 
is greater than for sulfide or methyl mercaptan. 

By reducing the complexity of the metManine biosynthetic pathway, the 
engagement of microbial Tret-.aVr>i i ^ in methionine over-production is less 
extensive. This reduces the number of genetic changes that must be 
introduced into the producing microbe by classical or genetic engineering 
methods in order to de-regulate methionine biosynthesis and limits the 
d isr uption of microbial iw-t-aimi-igm, in general. As used herein, "de- 
regulate" means any effect on the self-regulation of the microbial 
metabolism for example, any effect on microbial self-regulation by feed-back 
inhibition or repression. Such de-regulation can be achieved through 
methods known to those skilled in the art such as far example, classical 
mutagenesis and selection or genetic engineering. 

Hie net result is to transform the methionine biosynthetic pathway to one 
that compares favorably with those far lysine and threonine in terms of 
metabolic cost and complexity. In this way, a feasible fermentation method 
of methionine production can be realized. 
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EXPERIMENTAL 

The following disclosure is intended to serve as a representation of 
embodiments herein, and should not be construed as limiting the scope of 
this application. 

Example l 

Methionine Production via.Acvlhom oserine 
rai1-FhyrhT' lat " i on Route! 

— SB ^' ^- qlutamicum , and flavum are de-regulated for hcncserine over- 
production by classical or genetic engineering methods. The sulfhydrylation 
route to methionine is introduced into these microbes by transforming them 
with plasmid(s) encoding homoserine acetyltransferase, O-acetylhomoserine 
(thiol) -lyase, and hanocysteine methylase. The parent and transformed 
microbes are cultivated individually in a fermentation medium containing 
glucose, soy hydrolysate, and inorganic nutrients. The medium is 
supplemented either with sulfate or sulfide as a source of sulfur for 
methionine production. Table I indicates the relative amount of methionine 
that is produced by each strain. 





Table I 




Microbe 


Sulfur Source 


Methionine 
Produced* 


E. coli parent 


sulfate 




E. coli parent 


sulfide 




E. coli transformant 


sulfate 


+ 


E. coli transformant 


sulfide 


-H- 


C. Cflutamicum par^nt- 


sulfate 




C. alutamicum par-^nt- 


sulfide 




C. alutamicum tranc;-fm-n»rrt- 


sulfate 


+ 


C. alutamicum tranKfnT-Trwrrt- 


sulfide 


++ 


B. flavum parent 


sulfate 




B. flavum parent 


sulfide 




B. flavum tran^fnmwnt- 


sulfate 


+ 


B. flavum trarwfnr-man-h 


sulfide 


++ 



* low (-), medium (+) , high (++) 
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Example 2 

Homocysteine Production via Acvlhomoserine 
fSul -Fhyrh-Yl *t-jan Route) 

The parent strains of Example l are deleted far homocysteine methylase activity, 
me microbes are then transformed with plasmid(s) encoding homoserine 
acetyltransf erase and O-acetylhomoserine (thiol) -lyase. The homocysteine 
methylase negative parent and transformed microbes are cultivated as in Example 
1. Table II indicates the relative amount of homocysteine that is prcyla ogd by 
each strain. 





Table H 




Microbe* 


Sulfur Source 


Hcnocvsteine 
Produced** 


E. coli parent 


sulfate 




E. coli parent 


sulfide 




E. coli transformant 


sulfate 


+ 


E. coli transformant 


sulfide 


++ 


C. oliitamicum parent 


sulfate 




C. olutamicum parent 


sulfide 




C. CTlutamicum traTisfnmwrt- 


sulfate 


+ 


C. alutamicum transformant 


sulfide 


+4- 


B. flavum parent 


sulfate 




B. flavum parent 


sulfide 




B. flavum transformant 


sulfate 


+ 


B. flavum transformant 


sulfide 


++ 



*A11 strains lack: homocysteine methylase activity 
**low (-) , medium (+) , nigh (++-) 

Example 3 

Methionine Production via Acvlhomoserine 
flfetfrylsulfhvdrvlation Route) 

The strains of Example 2 are cultivated as in Example 1 except that 

methylmercaptan is supplied as the supplemental sulfur source. Table ttt 

indicates the relative amount of methionine that is prndnraj by each strain. 

Methionine production is indicative of a functioning nettiylsulfhydrylation 

pathway. 
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Table ITT 

Methionine 
Produced** 



++ 



++ 



++ 



*A11 strains lack homocysteine methylase activity 
**lcw {-), high (++) 

Example 4 

Methionine Production via Phosr±iohcgnoserine 
( Sulfhvdrvlation Route) 

The parent strains of Example 1 are transformed with plasmid(s) encoding 

homoserine kinase, plant cystathionine 7 -synthase and homocysteine methylase. 

The parent and transformed microbes are cultivated as in Example 1- Table IV 

indicates the relative amount of methionine that is produced by each strain. 



Table IV 

Methionine 



Microbe 


Sulfur Source 


Produced* 


E. coli parent 


sulfate 




E. coli parent 


sulfide 




E. coli transformant 


sulfate 


+ 


E. coli transformant 


sulfide 


++ 


C. alutamicum parent 


sulfate 




C. alutamicum parent 


sulfide 




C. alutamicum transformant 


sulfate 


+ 


C. alutamicum transformant 


sulfide 


++ 


B. flavum parent 


sulfate 




B. flavum parent 


sulfide 




B. flavum transformant 


sulfate 


+ 


B. flavum transformant 


sulfide 


++ 



* low (-) , medium (+) , high (++) 
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E. coli transformant 

C. alutamicum parent 

C. alutamicum transformant 

B. flavum parent 

B. flavum transformant 
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Example 5 

Methionine Production via Phosrh nhomoc^r^^ 
fMethYl^iifT Tydrviation Route) 
The deleted parent strains of Example 2 are transformed with plasmid(s) encoding 
hc^ose™ kinase and plant cystathionine 7 -synthase. One parent and transf armed 
microbes are cultivated as in Example 3. Table V indicates the relative amount ' 
of methionine that is produced by each strain. 

Table V 

Microbe* Methionine 

Produced* * 

JL. coli parent 
JL. coli transf armant 
C. plutamicum parent 
Cj_ glutamicum transf ormant 
B. flavum parent 
Bj. flavum transf ormant 



++ 



*A11 strains lack homocysteine methylase activity and were 
supplied with methylmercaptan 

**low (-), high (++) 

Example 6 

Methionin e Production via Honoserine 
fSulinvdrvlation T?mrt-p) 

Die parent strains of Example l are deleted for their honoserine 

acyltransferase activity. The microbes are then transformed with 

plasmid(s) encoding O-acetylhomoserine (thiol) -lyase from pambe and 

honocysteine methylase. The parent and transformed microbes are 

cultivated as in Example l. Table VI indicates the relative amount of 

methionine that is produced by each strain. 
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Table VX 




Microbe* 




Methionine 


Sulfur Srsnrr^ 


Produced** 


E. coli parent 


sulfate 




E. coli parent 


sulfide 




E. coli transf ormant 


sulfate 


+ 


coli transf ormant 


sulfide 


-H- 




sulfate 




C. qlutamicum parent 


sulfide 




C. Qlutamicum trans-fnfmwTrl- 


sulfate 


+ 


C. qlutamicum transfnmwrrt- 


sulfide 




B. flavura parent 


sulfate 




B. flavum parent 


sulfide 




B. flavum transf ormant 


sulfate 


+ 


B. flavum transf orman-h 


sulfide 


-H- 



*A11 strains lack hcmoserine acyltransf erase activity 
**lcw (-), medium (+) , higji (++) 



. Example 7 

Methion ine Production via Homoserine 
fMethvls ulfhydrylation Route) 

Die deleted parent strains of Example 6 are transformed with a plasmid 
encoding O-acetylhomoserine (thiol) -lyase from combe . The parent 
and transformed microbes are cultivated as in Example 3. Table VH 
indicates the relative amount of methionine that is produced by each 
strain. 



Microbe* 

EL coli parent 

E. coli transf ormant 

C. qlutamicum parent 

C. qlutamicum transf ormant 

B. flavum , parent 

B. flavum transf ormant 



Table VTI 



Methionine 
Produced* * 



*A11 strains lack homoserine acyltransf erase activity 
**lcw (-), high (++) 



ll 
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WHAT IS CLAIMED IS : 

1. A method far enhancing xaethionine production in a fermentation process of a 
microbial cell by modifying the methionine biosynthetic pathway of said cell 
comprising the steps of: 

i- transforming or transducing a hcanoserine^activating enzyme gene 
fragment capa b le of expressing said hcanoserine-activating enzyme and a 
sulfur-incoxpot ating enzyme gene fragment capable of expressing said sulfur 
enzyme into said cell; 

ii. growing said cell under such conditions that transformation or 
transduction of both gene enzymes are effected; 

iii. recovering a transformed or transduced cell; and 

iv. adding an exogenous sulfur compound other than cysteine or methionine 
to said transformed or transduced cell as the sulfur source for methionine 
production. 

2. The met h od of claim 26 wherein said exogenous sulfur compound is a reduced 
sulfur compound consisting of h y drogen sulfide, methyl mercaptan or a salt 
thereof. 

3. Hie met h od of claim 26 wherein said exogenous sulfur compound is an oxidized 
sulfur compound consisting of sulfate, sulfite or thiosulfate. 

4. The method of claim 27 or 28 wherein said hcmoserine-activating enzyme is 
sel e ct ed from the group consisting of hamoserine kinase, homoserine 
acetyl-transferase and homoserine succinyltransf erase . 

5. The method of claim 27 or 28 wherein said sulfur-incorporating enzyme is 
selected from the group consisting of O-succinylhomoserine (thiol) -lyase, O- 
acetylhomoserine (thiol) -lyase and plant cystathionine gamma synthase. 

6 . The method of claim 27 wherein said sulfur-incorporating enzyme converts 
homoserine and said hydrogen sulfide or a salt thereof directly to homocysteine. 

7. The method of claim 27 wherein said sulfur-incorporating enzyme converts 
homoserine and said methyl mercaptan or a salt thereof directly to methionine. 
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8. Die method of claim 28 wherein said sulfur-incorporating enzyme converts 
hamoserine directly to hcsaocysteine. 

9. A method for enhancing homocysteine production in a fermentation process of 
a microbial cell by modifying the methionine biosynthetic pathway of said cell 
comprising the steps of: 

i. transforming or transducing a homoserine-activating enzyme gene 
fragment capable of expressing any said homoserine-activating enzyme but 
not including homocysteine methylase, and a sulfur-incorporating enzyme 
gene fragment capable of expressing said sulfur enzyme into said cell; 

ii. growing said cell under such conditions that transformation or 
tra n sd uc tion of both gene enzyme fragments are effected; 

iii. recovering a transformed or transduced cell; and 

iv. adding an exogenous sulfur compound other than methionine or cysteine 
to the said transformed or transduced cell as the sulfur source for 
homocysteine production. 

10. The method of claim 34 wherein said exogenous sulfur compound is a reduced 
sulfur compound consisting of hydrogen sulfide, or a salt thereof. 

11. Die method of claim 34 wherein said exogenous sulfur compound is an oxidized 
sulfur compound consisting of sulfate, sulfite or thiosulfate. 

12. The method of claim 35 or 36 wherein said homoserine-activating enzyme is 
selected from the group consisting of hamoserine kinase, hamoserine 

acetyl transferase and hamoserine succinyltransf erase. 

13. The method of claim 35 or 36 wherein said sulfur-incorporating enzyme is 
selected from the group consisting of <>succinylhomoserine (thiol) -lyase, O- 
acetylhomoserine (thiol) -lyase and plant cystathionine gamma synthase. 

14. Ihe method of claim 35 wherein said sulfur-incorporating enzyme converts 
honoserine and said hydrogen sulfide or a salt thereof directly to homocysteine. 

15. The method of c laim 36 wherein said sulfur-incorporating enzyme converts 
hamoserine directly to homocysteine. 
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16. One method of claim 26 or 34 wherein said transformed or transduced cell 
produces an amino acid that is greater than said amino acid of a non-transformed 
or transduced cell. 

17. Hie method of claim 26 or 34 wherein said transformed or transduced cell is 
selected from the group consisting of Corynebacteria., Brevibacteria or 
Escherichia coll. 
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AMENDED CLAIMS 

[received by the International Bureau on 3 August 1993 (03.08.93); 
original claims 2-8, 10 and 17 amended; other claims unchanged (3 pages)] 

1. A method far enhancing methionine production in a fermentation process of a 
microbial cell by modifying the methionine biosynthetic pathway of said cell 
comprising the steps of: 

l. transforming or transducing a homoserine-activating enzyme gene 
fragment capable of expressing said hcnoserine-activating enzyme and a 
sulfur-incorporating enzyme gene fragment capable of expressing said sulfur 
enzyme into said cell; 

ii. growing said cell under such conditions that transformation or 
transduction of both gene enzymes are effected; 

iii. recovering a transformed or transduced cell; and 

iv. adding an exogenous sulfur compound other than cysteine or methionine 
to said transformed or transduced cell as the sulfur source for methionine 
production. 

2. Ihe method of c laim 1 wherein said exogenous sulfur comp ound is a reduced 
sulfur compound consisting of hydrogen sulfide, methyl mercaptan or a salt 
thereof. 

3. Ihe method of claim 1 w h e re i n said exogenous sulfur ccnpound is an oxidized 
sulfur compound consisting of sulfate, sulfite car thiosulfate. 

4. Ihe method of claim 2 or 3 wherein said homoserine-activating enzyme is 
selected from the group consisting of homoserine kinase, homoserine 
acetyl-transferase and homoserine succinyltransf erase. 

5. Die method of claim 2 or 3 wherein said sulfur-incorporating enzyme is 
selected from the group consisting of O-succirylhomoserine (thiol) -lyase, O- 
aoetylhomoserine (thiol) -lyase and plant cystathionine gamma synthase. 

6. Ihe method of claim 2 wherein said sulfur-inc or p or ating enzyme converts 
homoserine and said hydrogen, sulfide or a salt thereof directly to homocysteine. 

7. Ihe method of claim 2 wherein said sulfur-in cui pur a ting enzyme converts 
homoserine and said methyl mercaptan or a salt thereof directly to methionine. 
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8. The method of claim 3 wherein said sulfur-in coi jjuta ting enzyme converts 
hcmoserine directly to homocysteine. 

9. A method for enhancing homocysteine production in a fermentation process of 
a microbial cell by modifying the methionine biosynthetic pathway of said cell 
ccrcrisinCT t>y» w t .tJ »» tj 

i. transforming or transducing a homoserine-activating enzyme gene 
fragment capable of expressing any said hcmoserine-activating enzyme but 
not including homocysteine methylase, and a sulfur-inaarporating enzyme 
gene fragment capable of expressing said sulfur enzyme into said cell; 

ii. growing said cell under such conditions that transformation or 
transduction of both gene enzyme fragments are effected; 

iii. recovering a transformed or transduced cell; and 

iv. adding an exogenous sulfur compound other than methionine or cysteine 
to the said transformed or transduced cell as the sulfur source for 
homocysteine production. 

10. Die method of claim 9 wherein said exogenous sulfur compound is a reduced 
sulfur compound consisting of hydrogen sulfide, or a salt thereof. 

11. Hie method of claim 9 wherein said exogenous sulfur compound is an oxidized 
sulfur compound consisting of sulfate, sulfite or thiosulfate. 

12. ine method of claim 10 or 11 wherein said homaserine-activating enzyme is 
selected from the group consisting of homoserine kinase, homoserine 
acetyl-transferase and homoserine succinyltransf erase. 

13. The method of claim 10 or 11 wherein said sulfur-incorporating enzyme is 
selected from the group consisting of O-succinylhcccserine (thiol) -lyase, O- 
acstylhomcserine (thiol) -lyase and plant cystathionine gamma synthase. 

14 . The method of claim 1 0 wherein said sulfur-incorporating enzyme converts f 
homoserine and said hydrogen sulfide or a salt thereof directly to homocysteine. 



15. ine method of claim 11 wherein said sulfur-incorporating enzyme converts 
homoserine directly to homocysteine. 
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16. Ifce method of claim 1 or 9 wherein said transformed or transduced cell 
produces an amino acid that is greater than said amino acid of a rcn-transf armed 
or transduced cell. 

17. The method of claim 1 or 9 wherein said transformed or transduced cell is 
selected iron the group consisting of CCirynebacteria, Brevlbacteria. or 
Escherichia coli. 
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